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Abstract.  This paper adopts the Smoothed Particle Hydrodynamics (SPH) open-source code SPHinXsys
to study the solitary wave interaction with coastal structures. The convergence properties of the model in terms
of particle size and smoothing length are tested based on the example of solitary wave propagation in a flat-
bottom wave flume. After that, the solitary wave interactions with a suspended submerged flat plate and deck
with girders are studied. The wave profile and velocity field near the surface of the structures, as well as the
wave forces exerted onto the structures are analyzed.
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1. Introduction

Coastal structures such as breakwaters, coastal docks and coastal bridges play significant roles
in protecting the coastal areas and underpinning the economy. In practice, it is crucially important
to design these structures properly such that they can survive under the actions of disastrous waves.
Tsunami is a kind of disastrous wave that possesses tremendous energy and can cause serious
damage to coastal structures. In this context, this paper studies the interaction between coastal
structures and solitary wave, which resembles tsunami in terms of the key properties.

For investigating wave-structure interaction problems, the Computational Fluid Dynamics (CFD)
modelling has been becoming prevailing due to the rapid development of computer hardware and
numerical algorithms. Numerical models can be generally categorized into the mesh-based and
meshless methods according to the way of discretizing the computational domain. A family of
meshless methods is the so-called Lagrangian particle method that possesses advantageous features
in dealing with large deformation and moving interface. According to how fluid pressure is solved,
the particle methods are grouped into weakly-compressible methods and projection-based methods
(imposing incompressibility strictly). The most famous and commonly-used method in the former
group is the Smoothed Particle Hydrodynamics (SPH) (Amicarelli ef al. 2020, Dominguez et al.
2021, Hérault et al. 2010, Kazemi and Luo 2022, Lyu ef al. 2022, Monaghan 1994, Zhang et al.
2021a), while the latter group includes the Moving Particle Semi-implicit (MPS) method (Khayyer
and Gotoh 2011, Koshizuka et al. 1998), Incompressible Smoothed Particle Hydrodynamics (ISPH)
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(Chow et al. 2022, Shao and Lo 2003, Shimizu et al. 2022), Meshless Local Petrov Galerkin (MLPG)
(Ma 2005) and Consistent Particle Method (CPM) (Luo et al. 2016, Luo et al. 2019, Luo et al. 2022).
Comprehensive reviews of the latest developments and applications of particle methods are referred
to Gotoh et al. (2021), Khayyer et al. (2022), Luo et al. (2021) and Sriram and Ma (2021).

In terms of modelling tsunami or solitary wave interaction with coastal structures, Wei ef al.
(2015) used SPH code GPUSPH to study the tsunami impact on piers with different shapes and
different tsunami impact directions, as well as analyze the flow field around pier, river bed shear
stress and the resulted hydrodynamic load. Followed, Wei and Dalrymple (2016) studied the tsunami
impacts on the superstructures of a coastal bridge and examined the effectiveness of adding up-wave
service road and offshore breakwater in reducing tsunami actions. Tripepi et al. (2020) applied the
0-SPH model to study the induced force of solitary waves on submerged horizontal cylinders and
calibrated the hydrodynamic coefficients of resistance, inertia and lift force components in empirical
formulas. Thereafter, the authors also studied the interaction of solitary waves with square barriers,
focusing on the semi-analytical estimation of horizontal loads. Pringgana ef al. (2021) used SPH
open-source code DualSPHysics to investigate the effect of orientation and arrangement of land
structures on tsunami impacts. In the category of the projection-based methods, Luo et al. (2019)
studied the solitary wave interaction with seawalls using CPM. The influence of seawall cross
section geometry was analyzed, as well as a simple and practical method was proposed to estimate
tsunami intensity. Wang et al. (2020) used the MPS method to simulate the motion characteristics
of the solitary wave on the inclined seawall and analyzed the wave overtopping characteristics.

The weakly-compressible SPH code SPHinXsys (Zhang et al. 2021a) has been undergoing rapid
developments and has been used for wave-structure interaction problems, but simulations about
solitary waves have been rarely reported. With the background illustrated above, this study adopts
SPHinXsys to study the solitary wave interaction with fixed submerged coastal structures. The key
hydrodynamic parameters including wave elevation and wave force will be elaborated in comparison
with published experimental and numerical results. The physics behind the wave-structure
interaction process is discussed, as well as the accuracy of SPHinXsys is verified. In what follows,
Section 2 introduces the basic theory of SPHinXsys; Section 3 presents model validation as well as
results and discussion; Section 4 gives concluding remarks on the numerical study.

2. Mathematical formulations

2.1 Governing equations

The governing equations are the continuity equation and Navier-Stokes (NS) equations in the
Lagrangian form as follows

Dv 1 n (M)
— =—ZVp+-LViv+g
bt p p

where p is the density of a fluid, v the particle velocity vector, p the fluid pressure, 77 the dynamic
viscosity, g the gravity acceleration, and ¢ is the time. The fluid domain is discretized by non-
connecting particles. Each particle carries a fixed mass and moves under the combined action of the
gravity, pressure gradient and viscous force as described in Eq. (1).
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The present work adopts the weakly-compressible SPH method, more specifically, the
SPHinXsys open-source code. The fluid pressure is solved through an equation of state (Zhang et
al. 2021a)

p=c5(p—p0) 2

where py is the reference density, ¢y is the artificial speed of sound adopted to be 10 times of the
projected maximum particle velocity during the simulation.

2.2 Numerical formulations of SPHinXsys

The governing equations are discretized in the particle interpolation framework as follows
(Zhang et al. 2021b)

Dp. m. _
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where v;=(vi+V)/2, p;=(pit p,)/2 m;j is the mass of particle j which is fixed during the simulation;
W is the kernel function used in particle interpolation. A fifth-order Wendland kernel function
(Wendland 1995) is adopted in the present study

1V
W= (1—qu (1+2q), 0<qg<2
0, q=2 4)

where a, is a constant equal to 7/(4mh?) for two-dimensional simulations, and g = |r-rj|/A = r/h with

h being the smoothing length.

A key feature of the SPHinXsys code lies in the adoption of the Riemann solver (Zhang et al.
2017) to mitigate numerical noises (e.g., the spurious pressure fluctuation). In the Riemann solver,
an imaginary interface is constructed between two particles, and the states at the left and right sides
of the interface are as follows (more details are referred to Zhang et al. (2021b))

(P UL P e) = (- Vi -, Pi,Gi)
(Pr:Ur, Pr.Cr) =(pj =V & P;j.Cj) (5)

where L and R indicate left and right, respectively.
A low-dissipation Riemann solver is adopted as follows
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where = min(3max(U.-Ug, 0)/c, 1) denotes the low dissipation limiter and ¢ = (prc.+prer)/(pr+pr).
The variables of p* and v* are then used to replace the terms p; and v; in Eq. (3). This leads to the
particle-interpolated continuity and momentum equations.

For the time marching, the time step size is determined based on the CFL condition as follows

h
C+V,

At=CFL

o %)

where the coefficient CFL is adopted to be 0.6 and / is the smoothing length (a parametric study
with respect to it will be conducted).

In SPHinXsys, the wall boundaries of the submerged obstacle and the computational domain are
modelled by dummy particles. The interaction between fluid particles and wall particles is modelled
by solving a one-sided Riemann problem along the wall normal direction. In the one-sided Riemann

problem, the left state is defined as (o ,UL.R )= (,Df Ny Vi, Py ) , where the subscripts fand w represent

fluid and wall particles, as well as ny is the local wall normal direction.
By applying the non-slip wall condition, the right state (i.e., wall particles) velocity Uz can be

calculated by Ug =-U| +2u,, where u, is the wall velocity. The Neumann boundary condition is
applied for pressure. Specifically, the pressure values on wall particles are calculated by
P, =P +p9-1,,, Where Iy, =I,-Is with r, and rybeing the positions of a wall particle and its

relating fluid particle. Substituting the solved pressure into the equation of state, the right-state
density can then be calculated (Zhang et al. 2017).

3. Numerical examples
3.1 Solitary wave generation

3.1.1 Solitary wave generation theory
The surface elevation of the Boussinesq-type solitary wave reads (Goring 1978)

77 = Hsech? [k(xfct)] )

where H is the wave height, ¢ the wave speed and 7 the time. Letting the initial water depth be /4, the
wave celerity can be approximated as

o= Jan ) ©)

k= /% (10)

The particle method, due to its Lagrangian nature, can model the moving wave maker with ease.
Therefore, the present study adopts the moving wave maker approach among the others (Luo et al.
2021). For this, a simplified time series function of the wavemaker movement is adopted, as follows
(Anbarsooz et al. 2013, Farhadi et al. 2016, Wang et al. 2020)

and the parameter k can be evaluated as
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Fig. 1 Computational domain of solitary wave generation and propagation (unit: m)

t 1

X(t):S~tanh[7.6( ED (11)

T

where S is the stroke of the wave maker and 7 is the duration of the wave maker movement, computed

respectively as
16H
S=,/——h 12
1/ ™ (12)

2 H
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3.1.2 Validation of numerical model

The computational domain of solitary wave generation is sketched in Fig. 1. The solitary wave
of height H=0.07 m is propagating over a flat bottom domain of initial water depth h =0.14 m. The
effective fluid domain length is 6.5 m. At the downstream side of the domain, a sponge layer of
length 1.5 m is placed to dissipate wave energy and hence minimize the wave reflection. The fluid
particles in the sponge layer are subjected to excessive viscous force and their velocities are
governed by v = v, (1.0 - Ata(: ‘? )) » Where vo is the initial velocity of a fluid particle just entering

1 0
the damping zone, At the time step, roand r; the starting and ending locations of the damping zone,
respectively, and v the velocity at the location r. The coefficient o controls the damping intensity
and is adopted to be 5.0 (Zhang et al. 2021b) in the present study.

The smoothing length and particle size are two important numerical parameters that affect the
simulation accuracy and efficiency of the SPH method. Therefore, convergence studies with respect
to the two parameters are conducted in comparison with the analytical solution. Regarding the
former, four smoothing lengths, i.e. ds = 1.3lo, 1.5lo, 1.71p and 1.9l are tested with the converged
particle spacing, i.e., lo = 0.003 m (will be presented later). The wave elevations at x = 2.51 m (WG)
under the four ds values are presented in Fig. 2. The occurrence time of the wave crest predicted by
the simulations of different ds are very close, but the crest heights show discrepancies among
different cases. The wave crest values and the computational time of the four cases are presented in
Table 1. As can be seen, the relative errors of the predicted wave crests in the four ds cases are -10%,
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Fig. 2 Wave elevation at x = 2.51 m by using different smoothing lengths, ds, with /o = 0.003 m

Table 1 Relative errors of computed wave height and computational efficiency by using different smoothing
lengths, ds, with the particle size of 0.003 m

Smoothing length (m) 1.3l 1.5 1.71 191
Predicted wave height (m) 0.063 0.068 0.069 0.068
Relative error (%) -10.00% -2.86% -1.43% -2.86%
Computational time (s) 130 133 136 140

Table 2 Relative errors of computed wave height and computational efficiency by using different particle sizes,
lo, with the smoothing length of 1.7l

Particle size (m) lp=10.01 lo=10.005 lo=10.003 lp=10.0025
Predicted wave height (m) 0.068 0.069 0.068 0.068
Relative error (%) -2.86% -1.43% -2.86% -2.86%
Computational time (s) 16 124 557 954

-2.86%, -1.43%, -2.86%, respectively. The computational time is 130 s, 133 s, 136 s and 140 s per
physical second, respectively. On the tradeoff accuracy and efficiency, a smoothing length of ds =
1.71, is adopted in the present study.

Based on the smoothing length of ds = 1.7/, the particle size convergence of the model is studied
by testing four particle sizes, i.e., /o = 0.01 m, 0.005 m, 0.003 m and 0.0025 m. The wave elevations
predicted by the four particle sizes are presented in Fig. 3, as well as the relative errors and
computational efficiency are presented in Table 2. Among the four cases, the result by /o = 0.01 m
shows the largest relative error (i.e., -2.86%) and the up-crossing side of the wave crest is not smooth.
With [y = 0.005 m, an unphysical wave crest shape at the up-crossing side is also evident, although
the predicted wave height is close to the analytical value. For the other two particle sizes, i.e., /o =
0.003 m and 0.0025 m, both results are very close and in satisfactory agreement with the analytical
crest shape and the analytical wave height (relative errors being -2.86%). These show a good particle
size convergence of the model. Note that the use of a fine particle size leads to a significant increase
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Fig. 3 Wave elevation at x = 2.51 m by using different particle sizes with ds = 1.7/y

of simulation time. Compromising accuracy and efficiency, the particle size of /p = 0.003 m is
adopted in the present study (this also ensures that the structural dimensions are close to the integer
multiplies of the particle size).

3.2 Solitary wave interaction with a submerged flat plate

The case of solitary wave interaction with a submerged flat plate is studied (Seiffert et al. 2014),
in which the mesh sizes were Ax = 0.0025 m and Az = 0.001 m, being smaller than the particle size
used in the present simulation. As sketched in Fig. 4, the effective length of the computational
domain is L = 7.84 m and a piston-type wave maker is placed on the left side of the domain. A fixed
flat plate of width 0.305 m and thickness of 0.0127 m (0.013 m is adopted herein) is placed such
that its leading edge (facing the incident wave) is 2.62 m from the initial location of the wave maker.
Other parameters considered are: water depth h = 0.086 m, submergence ratio z/h = 0.2 (measured
from the top of the plate to the still-water level) and solitary wave height H = 0.287h. In simulations,
a fixed particle size is adopted to be lp = 0.003 m by considering the particle size convergence and
letting each dimension of the structure be the integer multiplies of particle size. With this, the
numerical domain contains a total of 102,591 particles and the computational time is about 74
minutes for simulating a physical time of 8 s. Studied include the wave elevations at three gauge
locations (i.e., x =2.01, 3.535, and 4.755 m denoted by WG1, WG2 and WG3, respectively), as well
as the horizontal and vertical components of the wave force applied on the plate. Since the instant
of t = 0 is not explained explicitly in the cited work, the timing of the present simulation results is
adjusted such that the crest peaks at WG1 of the three sets of results occur at the same time.

The wave profiles and velocity fields at typical time instants of the wave-deck interaction process
are presented in Figs. 5 and 6. As can be seen, the wave crest reaches the leading edge of the deck
at t = 5.0 s. After that, the wave velocity underneath the deck is almost horizontal due to the
confinement of the deck, while the wave above the deck shows the shoaling feature due to the
reduction of the effective water depth. Especially, wave breaking happens when the wave crest
passes the deck at around t = 5.4 s. The present SPH captures the whole process satisfactorily with
regular particle and smooth pressure distributions.



292 Guozhen Cai, Min Luo, Zhaoheng Wei and Abbas Khayyer

F 0.305 ,

iz )
= 0.017
WG1 WG2  WG3 jto.ms
Wave maker
/ deck
SWL
b sy ¥ Ioosa
i::i: >ie :i
0.30 2.62 5.22

1100
900
700
500
300
100
-100

1100
900
700
500
300
100
-100

1100
900
700
500
300
100
-100

1100
900
700
500
300
100
-100

2.6 2.7 2.8 2.9
X (m)

Fig. 5 Particle distributions with pressure contours near the plate at 1 =5.0,5.2,5.3 and 5.4 s
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Fig. 6 Velocity fields near the plate at 1 =5.0, 5.2, 5.3 and 5.4 s

The wave elevations and wave force components predicted by the present SPH model are
compared with published results (Seiffert et al. 2014) in Figs. 7 and 8, respectively. From Fig. 7, the
wave elevations measured in experiment manifested an evident decay from WG1 to WG2 and WG3,
while the decays are much smaller in published OpenFOAM and the present SPH simulations.
Specifically, the relative errors of the predicted peaks at WG2 and WG3 with respect to the
experimental values are 36.5% and 38.8% in OpenFOAM, and 22.8% and 19.5% in SPH. Generally,
the present SPH results are in a closer agreement with the experimental data.

Regarding the wave force presented in Fig. 8, the force components obtained by the present two-
dimensional simulation are multiplied by the width of the physical water flume (i.e., 0.149 m) for
comparison with the experimental data. For the vertical force F-, the overall trend and magnitude
predicted by the SPH model are in good agreement with the published experimental and OpenFOAM
results. For the horizontal force F\, the magnitude predicted by SPH is larger than that of the
experimental result, while the OpenFOAM result was smaller. Besides, the SPH result does not show
the negative force that was observed in experimental and OpenFOAM results. From the wave profile
snapshot at ¢t = 5.4 s, the particle distributions near the leading and trailing ends of the deck are not
very regular. This leads to inaccuracy of pressure and hence force computation, which may be the
reason for the above discrepancy.
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Fig. 7 Wave elevations at WG1, WG2 and WG3 in the case of solitary wave interaction with a flat plate
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Fig. 8 Wave force components applied on the flat plate

3.3 Solitary wave interaction with deck with girders

This section studies the case of solitary wave interaction with a submerged deck with girders
(Hayatdavoodi et al. 2014). The horizontal component of the deck is identical to the plate studied in
Section 3.2, but with short vertical girders. The cross-sectional shape and dimensions of the deck
are shown in Fig. 9. The computational setup including the domain size, water depth, wave
parameter and structural location are the same as those in Section 3.2.
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Fig. 11 Velocity fields at typical time instants in the case of solitary wave interaction with the deck with
girders

The wave profiles and velocity fields at typical time instants are presented in Figs. 10 and 11. A
distinct feature of wave underneath the deck as compared to the flat deck case is the vortexes induced
by the wave-girder interaction, which dissipate wave energies. Above the deck, the shoaling process
happens similarly to that in the case without girders. Again, the particle distribution and pressure
distribution are generally smooth in the whole domain except for the regions near the leading- and
trailing edges of the deck.

The wave elevations predicted by the present SPH model are compared with the experimental
and OpenFOAM results (Hayatdavoodi ef al. 2014) in Fig. 12. Similar to the case with a flat deck,
the wave elevations decay from WGI1 to WG3, but the numerical results decay much less than the
experimental results. The relative errors of the simulated elevation peaks at WG2 and WG3 with
respect to the experimental data are 40.82% and 76.03% for OpenFOAM, and 25.22% and 55.30%
for SPH, being much smaller. It can also be seen that the wave elevation decay in the case with
vertical girders is larger than that in the flat deck case due to the excessive energy dissipation induced
by the girders.
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Fig. 12 Wave elevations in the case of solitary wave interaction with the deck with girders
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Fig. 13 Wave force components applied on the deck with girders

The wave forces applied on the deck are shown in Fig. 13. For the vertical force F-, the overall
trend and magnitude predicted by SPH are in good agreement with the published experimental and
OpenFOAM results. For the horizontal force F., the positive peak predicted by SPH matches the
published results well, but the predicted negative peak is much smaller. As compared to the flat deck
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case, the magnitude of the horizontal force in the present case is larger because the vertical girders
are subjected to considerable horizontal forces. Besides, larger fluctuations exist in the simulated
force of the present case, which is partially because the vortexes induced by girders cause more
violent dynamic pressures. Another reason for the fluctuation is attributed to numerical noises of the
weakly compressible modelling, in which the fluid pressure is solved explicitly by using an equation
of state that relates fluid pressure and density. Applying the kernel gradient correction scheme
(Randles and Libersky 1996) (for improvement of kinematics) and an enhanced numerical resolution
of continuity equation (for improvement of pressure, i.e., dynamics) can be helpful in mitigating the
unphysical fluctuations in force prediction, which are our ongoing and future works.

4. Conclusions

This work adopts the SPH open-source code SPHinXsys for studying the interaction process of
solitary wave passing through a submerged horizontal deck and a deck with short vertical girders.

The convergence of the model with respect to the particle smoothing length and particle size is
firstly tested, based on which the smoothing length of ds = 1.7lo and particle spacing of lo = 0.003 m
are found to the convergent for the present solitary wave case.

By using the identified parameters, the cases of solitary wave interaction with flat plate deck and
deck with girders are studied. In both cases, the simulated wave elevations show reductions as the
wave passes through the structure. A similar trend was observed in the published OpenFOAM results
although the documented experimental measurements showed a much larger reduction. Regarding
the wave force, the vertical component predicted by SPH is in good agreement with the published
ones, while the horizontal component by SPH shows a larger positive peak and no negative peak as
compared to the documented experimental and OpenFOAM results. The discrepancies in the
horizontal force are presumably related to the non-physical particle distribution at the leading- and
trailing-edges of the deck, which could be partially resolved by using the numerical schemes like
particle shifting.
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